Phthiocerol dimycocerosate (DIM) is a major virulence factor of the pathogen 25 Mycobacterium tuberculosis (Mtb). While this lipid promotes the entry of Mtb into 26 macrophages, which occurs via phagocytosis, its molecular mechanism of action is 27 unknown. Here, we combined biophysical, cell biology, and modelling approaches to 28 reveal the molecular mechanism of DIM action on macrophage membranes leading to 29 the first step of Mtb infection. MALDI-TOF mass spectrometry showed that DIM 30 molecules are transferred from the Mtb envelope to macrophage membranes during 31 infection. Multi-scale molecular modeling and 31 P-NMR experiments revealed that DIM 32 adopts a conical shape in membranes and aggregate in the stalks formed between 33 two opposing lipid bilayers. Infection of macrophages pre-treated with lipids of various 34
INTRODUCTION 39
Phthiocerol dimycocerosate (DIM/PDIM) are highly hydrophobic lipids 40 containing two multiple-methyl-branched fatty acid chains ( Fig. 1-a) . These lipids are 41 mostly found in the cell wall of pathogenic mycobacteria and are particularly abundant 42
in Mycobacterium tuberculosis (Mtb) 1 , the causative agent of tuberculosis. They 43 constitute one of the main Mtb virulence factors 2 . Indeed, Mtb strains lacking DIM are 44 drastically attenuated 3 and are more likely to be killed by the early pulmonary innate 45 immune response 4 , when the bacteria encounter macrophages. Recent work has 46 revealed that DIM modulate macrophage metabolism 5 and immune functions 6,7 . In 47 particular, DIM increase the ability of Mtb to infect macrophages by modulating 48 phagocytosis 8 , a fundamental immune process involving membrane remodeling. 49
However, how DIM intervene in these cellular processes remains poorly understood. 50
Mtb synthesizes a large variety of lipid virulence factors, most of which are 51 amphipathic glycolipids. These glycolipids act through their saccharide domains as 52 potential ligands for membrane receptors on macrophages to induce Mtb phagocytosis 53 9 . Lacking a saccharide moiety, DIM cannot engage in such interactions. In contrast, 54 the molecular mechanism involving DIM may be related to a global effect on the 55 physical properties of the host cell membrane, such as its fluidity and organization 8 . 56
Modifying such properties can be a successful strategy for bacteria to modulate 57 eukaryotic cell functions. Several types of pathogenic mycobacteria apply this strategy 58 to influence the fate of their host cells. For example, M. ulcerans produces the lipid-59 like endotoxin mycolactone which interacts with host membranes and disturbs their 60 lipid organization 10 . In addition, pathogenic mycobacteria use lipoarabinomannan to 61 enter neutrophils and prevent phagolysosome formation 11 . 62
The biophysical properties of DIM in biological membranes not yet been 63 characterized at the molecular level. In particular, it is unclear if such a complex and 64 large lipid can be incorporated in a simple phospholipid bilayer, and what shape DIM 65 must adopt in such a membrane. The shape of lipid molecules, determined by 66 structural properties 12 like their head group size, acyl chain lengths and degrees of acyl 67 chain unsaturation, can drastically affect the structure and organization of biological 68 membranes 13, 14 . Studying how the molecular shape of lipids may disorganize lipid 69 bilayers and how this can be related to biological function is still a challenge 15 . It 70 requires linking the structure of molecules and their biophysical actions at the 71 nanoscale to macroscopic consequences on the cell functions. To achieve this for DIM, 72 5 were treated with purified DIM, and the mass spectrum of the extracted lipids was 84 compared with the spectrum of purified DIM. The structure of DIM consists of a long 85 chain of phthiocerol (3-methoxy, 4-methyl, 9,11-dihydroxy glycol) esterified with two 86 mycocerosic acids (long-chain multiple-methyl-branched fatty acids) ( Fig. 1-a) . In 87 agreement with the MycoMass database 16 , the purified DIM mass spectrum is 88 characterized by a cluster of pseudomolecular ions [M + Na] + between m/z = 1305 and 89 m/z = 1501, in increments of m/z = 14 ( Fig. 1-b ) reflecting the variability of chain 90 lengths and methylations of the molecule. We observed that the spectrum of the 91 extracted lipids from DIM-treated THP-1 cells showed a very similar series of peaks to 92 that of purified DIM ( Fig. 1-b) . These peaks were absent in the spectrum of lipid 93 extracts from untreated cells ( Fig. S1-a) . Hence, exogenously delivered DIM can be 94 inserted into macrophage membranes and were detectable by MALDI-TOF mass 95
spectrometry. 96
We next investigated if DIM could be transferred from the Mtb envelope to 97 macrophage membranes during infection. To test this, we infected THP-1 98 macrophages with the WT Mtb strain H37Rv for 2 h at a multiplicity of infection (MOI) 99 of 15:1. At 40 h post-infection, the membrane fraction of the infected macrophages 100 showed a mass spectrum similar to the lipid signature of DIM isolated from the H37Rv 101 inoculum ( Fig. 1c) . We noticed a distinct shift towards longer DIM chain lengths 102 consistent with the reported increase in molecular mass of DIM during Mtb infection 17 . 103
The residual bacterial contamination of the macrophage membrane fractions was less 104 than 1500 cfu, well below the threshold for detection of DIM extracted directly from 105 bacteria (between 10 5 and 10 7 cfu, see Fig. S1b ). Our data therefore strongly support 106 the model that DIM is transferred from Mtb to the membranes of infected macrophages. 107
To verify whether DIM exposure at the surface of Mtb is required for their 108 transfer to macrophage membranes, we infected macrophages with a mutant strain 109 (H37RvΔlppX) lacking LppX, a lipoprotein required for the translocation of DIM to the 110 outer membrane of Mtb 18 . After infection, we did not observe the typical mass spectrum 111 of DIM in the membrane fraction of H37RvΔlppX-infected cells (Fig. 1c) . We verified 112 that the WT and mutant strains produced similar amounts of DIM ( Fig. S1b) . 113
Taken together, these results demonstrate that DIM molecules are indeed 114 transferred to the membranes of macrophages during infection, provided they are 115 exposed at the surface of M. tuberculosis. 116 117 6
DIM accommodate into a bilayer membrane by adopting a conical shape 118
Given their long aliphatic chains and their overall hydrophobic properties, we 119 sought to understand how DIM might physically be accommodated in a bilayer 120 membrane. We used a multi-scale modelling approach to gain insight into the 121 conformation of such a complex lipid embedded in a simple phospholipid bilayer. 122
During macrophage infection, Mtb produces DIM of higher molecular weight 123 than under non-infectious conditions 17 (Fig. 1-c) . We therefore modelled the structure 124 of a DIM molecule with a molecular mass of 1459 Da (star symbol in Fig. 1-c 
having chain lengths and number of methylations corresponding to m=18, n=17, and 126 p=4 ( Fig. 1-a) . 800 ns of atomistic Molecular Dynamics (MD) simulations of a single 127 DIM molecule in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid 128 bilayer revealed that DIM is deeply embedded in the membrane and may transit 129 between the two opposing leaflets ( Fig. 2-a) . DIM oxygen atoms preferentially 130 remained in the proximity of the POPC ester bonds while the acyl chains stretched into 131 the membrane hydrophobic core. The very long acyl chains (containing up to 27 carbon 132 atoms) prevented confinement of the DIM molecule to one single leaflet. Instead, DIM 133 seemed to be accommodated within the phospholipid bilayer by extending these 134 chains in the inter-leaflets space (see density profile in Fig. 2a ). 135
To further explore the dynamics of the DIM molecule within the membrane, we 136 designed a Coarse-Grained (CG) model ( Fig. 2b) based on the MARTINI force field 137 (see Methods). This force field is well adapted to model a large variety of lipids and 138 their actions on membranes and proteins 19, 20 . CG modelling of a single DIM molecule 139 in a POPC bilayer confirmed that DIM extended its long acyl chains in between the two 140 leaflets as seen in the atomistic simulation ( Fig. 2b, c) . Using CG modelling we were 141 able to extend the simulation to longer time scales to see multiple DIM translocations 142 from one leaflet to the other (Fig. 2c) . We then increased the number of DIM molecules 143 up to a molar DIM-to-POPC ratio of about 7% ( Fig. S4) . At low concentrations (1%, 144 2%, and ~4%), DIM molecules diffused freely inside the bilayer, while at 7% they 145 started to strongly interact with each other and form aggregates in between the two 146 leaflets. This behavior is also observed, both experimentally and computationally, for 147 molecules with similar structural features, like triglycerides 21, 22 . We next sought to understand how the position of the DIM acyl chains in the 153 inter-leaflet space affected its overall shape. To do so, we projected the positions of 154 the lipid extremities onto the 2D membrane plane ( Fig. 2d) . When centering the 155 molecule on the junction of the chains, this revealed very large movements of the three 156 acyl chain extremities, while the most polar end of the phthiocerol chain remained 157 largely static. For POPC, a similar projection displayed a completely different behavior, 158 with comparable densities for both the headgroup and the hydrophobic acyl chain 159 extremities ( Fig. 2d) . Comparable results were obtained from atomistic simulations 160 ( Fig. S5) . These results can be related to the effective shape of each molecule: while 161 it is known that POPC has a cylindrical shape, consistent with our simulations, which 162 is suitable to form planar lipid membranes, our results indicated that DIM molecules 163 adopt a strongly conical shape in a lipid bilayer. 164
165

DIM drive the formation of non-bilayer membrane structures 166
This conical molecular shape of DIM may have important consequences for the 167 organization of DIM-containing membranes. Indeed, conical lipids are known to 168 destabilize the lamellar membrane phase (L a ) and favor the appearance of a non-169 bilayer inverted-hexagonal phase (H II ) 23 . The transition from an L a -phase to an H II -170 phase can be studied using 31 P-NMR spectroscopy by monitoring the NMR spectra at 171 increasing temperature (see Methods). We have employed Magic Angle Spinning 172 (MAS) NMR spectroscopy for enhanced sensitivity. A mixture of the phospholipids 1,2-173 dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 1-stearoyl-2-oleoyl-sn-174 glycero-3-phosphocholine (SOPC) 24 has been used for a range of lipids to study their 175 propensity to induce non-bilayer phases 25,26 . To study the influence of DIM, we used 176 lipid membranes made of a 3:1 (mol/mol) mixture of DOPE and SOPC (see Method). 177
With this lipid composition, the membranes remained in the La phase for temperatures 178 up to 322 K (Fig. 3a,c) . However, incorporating 5% of DIM into the lipid mixture 179 destabilized the L a phase, and induced a transition from a L a phase at low temperature 180 Fig. 3a) to an H II phase configuration at high temperature (310 K and 322 K, 181 In the MAS 31 P NMR spectra, each spinning sideband consists of a DOPE and a SOPC peak. (b) Coarse grained models of the phase transition in DOPE/SOPC (3:1, mol/mol) without DIM or containing 5% of DIM. Increasing the temperature leads to the formation of tubular structures for the DIM-containing systems while the system without DIM stay fully lamellar. Snapshots shown are taken at the end of the 3 µs simulations. SOPC molecules colored in red. DOPE molecules colored in blue. DIM molecules colored in yellow. Water molecules represented as a blue surface. (c) Spectral deconvolution of the 31 P NMR spectra giving the percentage of the La phase as a function of the temperature for DOPE/SOPC (3:1) without DIM (orange and green hexagons) and with addition of 5% DIM (red and blue triangles). In the case of 5% DIM, the phase transition can be approximated by a sigmoid (red and blue lines). (d) SOPC and DOPE phase transitions calculated from CG-MD simulations for 2.5% and 5% of DIM. For the DOPE /SOPC mixture with 5% of DIM, we removed the outlier values at 330K from the curve fitting based on statistical tests (see supplementary material).
As a complementary approach to monitor the ability of DIM to induce non-bilayer 187 phases, we performed CG-MD simulations 27 . We modelled a stack of four lipid bilayers 188 of identical composition (3:1 DOPE/SOPC) as in the 31 P-NMR experiments, for 189 temperatures ranging from 280 K to 350 K (see Methods for details). Similar to the 31 P-190 NMR experiments, the membranes remained in the lamellar phase in the absence of 191 DIM (Fig. S6) , but a temperature-driven transition occurred when 5% of DIM were 192 added ( Fig. 3b) . These simulations allow a deeper understanding of the molecular 193 process of the H II phase transition in the presence of DIM. At low temperatures, 194 molecules of DIM formed aggregates in the inter-leaflet space (Fig. 3b, 280K) , as also 195 seen in the POPC bilayer ( Fig. S4) . Increasing the temperature led to the formation of 196 fusion stalks, hourglass-shaped lipid structures formed between neighboring bilayers. 197 DIM aggregated in these stalks to extend their large hydrophobic tails (Movie S1). This 198 aggregation stabilized and helped to increase the width of the stalks, eventually leading 199 to the formation of tubular water-filled membrane structures ( Fig. 3b , 310 K). At still 200 higher temperatures (320 K and higher), DIM molecules diffused freely in the 201 hydrophobic membrane core, thus stabilizing the H II configuration (Fig. 3b , 320 K and 202 Movie S1). 203
We deconvoluted the 31 P-NMR spectra recorded between 282 K and 324 K in 204 2 K steps for DOPE/SOPC (3:1) with 5% of DIM, using a set of parameters obtained 205 from reference datasets (see Methods and Table S2 ). The 31 P chemical shifts of DOPE 206 and SOPC are different. Therefore, each spinning sideband in our spectra consisted 207 of two resolved peaks ( Fig. 3a) enabling us, in a single spectrum, to independently 208 analyze the percentages of the L a and H II phases for DOPE and for SOPC. For both 209 lipids, we observed a continuous transition from the L a to the H II phase described by a 210 sigmoid ( Fig. 3c , Supplementary Material and Table S3 ). The phase transition 211 midpoint temperatures (T 50 ) were 303.5 K (± 0.4) for DOPE and 305.3 K (± 0.5) for 212 SOPC. Thus, the DOPE lipids were more susceptible to transition to an H II phase than 213 the SOPC lipids, a tendency observed in most of the tested conditions (Table S3 ). This 214 result is in agreement with previous studies showing that conical DOPE prefers the H II 215 phase, in contrast to cylindrical POPC lipids 28 . In the CG-MD simulations, we evaluated 216 the percentage of L a phase as a function of temperature from the distribution of lipid 217 tilt angles (see Supplementary material), for SOPC and DOPE (Fig. 3d) . Here, too, we 218 observed continuous phase transitions that were fitted by a sigmoid with a midpoint 219 transition temperature of ~308 K (Table S3) , which is in broad agreement with the 31 P-220 NMR experiments. 221 CG-MD simulations revealed that the first stage of the mechanism through 222 which DIM drive the L a -to-H II phase transition involves their aggregation in membrane 223 stalks. Hence, blocking the formation of stalks would be expected to reduce the effect 224 of DIM. To test this, and validate our hypothesis, we replaced a fraction of SOPC with 225 lysophosphatidylcholine (lysoPC), a lipid known to hinder the formation of fusion 226 highlighting a diminished effect of DIM when fusion stalk formation is inhibited. We next 230 performed CG-MD simulations to understand the molecular process involved. 231
Consistent with the NMR experiment, including lysoPC in the simulation increased the 232 value of T 50 (Fig. S8a) . From these simulations, we observed that the effect of lysoPC 233 did not involve a direct interaction with DIM, as lysoPC was spread throughout the 234 membranes ( Fig. S8b) . Indeed, 31 P-NMR experiments on DOPE/SOPC (5:1, mol/mol), 235
which displays an L a -to-H II transition without DIM, also showed an increase in T 50 upon 236 replacing a fraction of SOPC by lysoPC ( Fig. S7) . Thus, limiting the formation of stalks 237 decreased the ability of DIM to effectively drive the formation of non-bilayer membrane 238
structures. 239
Altogether, the combination of 31 P-NMR and CG-MD simulations revealed the 240 ability of DIM lipids to perturb membrane organization by promoting a phase transition 241 from the lamellar to the inverted hexagonal phase. The molecular mechanism involves 242 an initial aggregation of DIM lipids in fusion stalks, which then leads to a complete 243 destabilization of the lamellar phase in favor of the inverted hexagonal phase. 244 245
High potency of DIM to induce non-bilayer phase in comparison to other lipids 246
We compared the ability (potency) of DIM to induce the H II phase to that of lipids 247 with different structural features using 31 P-NMR. We first tested the effect of the 248 concentration of DIM on the formation of the H II phase. Figure 4-b shows that 249 decreasing the DIM concentration to 2.5% and 1% still led to the formation of the full 250 H II phase, albeit at a higher temperature. The increased transition midpoint 251 temperature (Fig. 4b) reveals a dose-response relationship, which is also observed in 252 CG-MD simulations Fig. 3d ). We then tested the effect of the triglyceride tripalmitin 12 ( Fig. 4a) , which, like DIM, has three acyl chains. However, incorporation of either 2.5% 254 or 5% of tripalmitin did not induce a full H II phase transition (Fig. 4b) . Thus, the effect 255 of DIM on non-bilayer structure formation did not seem to be uniquely related to its 256 three-legged structure. 257
259
We finally analyzed the ability of 1,2-dilinoleoyl-sn-glycero-3-260 phosphoethanolamine (DLiPE) to induce the L a -to-H II phase transition and compared 261 it with DIM. With two double bonds in each acyl chain (Fig. 4a) , DLiPE is expected to 262 for the respective curves for SOPC molecules). For clarity, error bars are omitted. As seen in Fig. 3 , the error was evaluated to ±5%. The gray bar represents the points obtained from the spectra highlighted in c. (c) 31 P NMR spectra for the lipid mixtures containing TAG, DLiPE or DIM at 320 K. The second rotation band (4 kHz), which is strongly related to the evolution of the La phase, is magnified in the upper panel. For comparison, the black peak depicts the second rotation band of DOPE/SOPC (3:1) at 320 K. be a strong enhancer of hexagonal phase formation 31 . With 5% of DLiPE, we observed 263 a full H II phase transition already at 322K (Fig. 4b,c ) and a transition midpoint 264 temperature for DOPE of 316 K (± 0.4). However, this value is higher than for 5% DIM 265 (303.5K ± 0.4), 2.5% DIM (304.5K ± 0.5) and even 1% DIM (311.3K ± 1.0) ( Table S3) . 266
Thus, DIM molecules are strong inducers of non-bilayer phases, even at low 267
concentrations. 268
Lipid shape can be assessed by studying inverted hexagonal phase in different 269 lipid mixtures 32 . Here, using the L a -to-H II phase transition temperature as a measure 270 to assess lipid conical shape, we ranked the shape of the different molecules: DIM 271 were strongly conical, DLiPE were less conical, while the tripalmitin were the least 272 conical. 273
274
Lipid shape modulates the entry of Mtb and zymosan particles into macrophages 275
In our previous experiments, the DIM-deficient mutant H37RvDppsE appeared 276 to infect macrophages with a lower efficiency than the WT strain. Coating these DIM-277 deficient mutant bacteria with DIM restored the WT phenotype while coating mutants 278 with tripalmitin did not have an effect 8 . These results may now be related to their 279 respective conical shapes: strongly conical for DIM and less conical for tripalmitin. To 280 test whether it is specifically the conical shape of DIM that helps Mtb to invade 281 macrophages, we evaluated the impact of exogenously added DIM and various other 282 lipids on the capacity of this mutant to invade macrophages in comparison to the WT 283
H37Rv strain (Fig. 5a ). We confirmed that the DIM-deficient mutant infected a lower 284 percentage of macrophages than the WT strain (Fig. 5b,c) . Pre-treatment of 285 macrophages with DIM restored the percentage of infected cells to a level comparable 286 to that observed with the WT H37Rv strain in untreated macrophages (Fig. 5b,c) . 287
Notably, treating macrophages with the conical phospholipid POPE also enhanced the 288 percentage of macrophages infected with the H37RvDppsE mutant, whereas treatment 289 with the cylindrical lipid POPC had no significant effect (Fig. 5c) . These data support 290 the hypothesis that the conical shape of DIM, which induces non-bilayer membrane 291 structures, increases the efficiency of Mtb to infect macrophages. 292
To determine whether this effect of DIM on macrophages is restricted to 293 infection by Mtb, we examined the effect of DIM and other lipids on the uptake of 294 zymosan (Fig. 5d ) a fungal polysaccharide frequently used to study non-opsonic 295 phagocytosis 32 . We found that macrophage pre-incubation with DIM also increased 296 zymosan uptake by macrophages in comparison to untreated conditions, as did pre-297 incubation with POPE but not with POPC ( Fig. 5e) . These data indicate that DIM and 298 other conical lipids generally promote phagocytosis by macrophages. 299 
DISCUSSION 300
While lipid transfer from Mtb to the macrophage membranes during infection 301 had been demonstrated for glycolipids 33 , this was never shown for DIM. By using 302 MALDI-TOF mass spectrometry, we established that DIM molecules exposed at the 303 envelope of Mtb are indeed transferred to the macrophage membranes during infection 304 ( Fig. 1) . We envision two mechanisms that could account for this process. DIM may 305 be exchanged by direct contact between the surface of the bacteria and the 306 macrophage membrane at contact sites. Such direct exchange of cholesterol and 307 cholesterol-glycolipids has been observed between Borrelia burgdorferi and HeLa 308 cells 34 . Alternatively, DIM could be transported in the membranes of extracellular 309 vesicles, which are known to be excreted by Mtb and other mycobacteria 35 , followed 310 by fusion of these vesicles with the plasma membrane of the macrophages. Lipid 311 exchange mediated by vesicle fusion was shown for Borrelia burgdorferi 34 and for 312
Pseudomonas aeruginosa 36 . For the latter process, lipid transfer could be favored by 313 the conical shape, which promotes the fusion of vesicles with the host cell membrane 37 . 314
Here, by combining 31 P-NMR with MD simulations, we demonstrated that DIM can 315 adopt such a conical shape and promote the formation of non-bilayer (inverted 316 hexagonal) membrane phases (Fig. 3) , structures important for efficient membrane 317 fusion 38 . Membrane fusion may also be important for sealing of the phagosomal 318 membrane during the ultimate stage of phagocytosis. Notably, our results showed that 319 even DLiPE, a strong enhancer of non-bilayer phases, did not match the strength of 320 DIM in promoting non-bilayer structures (Fig. 4) . This may be explained by the fact 321 that DIM lipids preferentially aggregate in transient stalks ( Fig. 3b and movie S1) to 322 stabilize them, thereby enhancing non-bilayer phase formation. Based on our 323 modelling, the conical shape of DIM can be related to the accommodation of the very 324 long acyl-chains of DIM to phospholipid bilayers (Fig. 2) . This shape may also be 325 adopted by other long acyl chain lipids that are important for Mtb infection 2 and are 326 transferred to the host cell membrane 33 such as trehalose mono-and di-mycolate and 327 the phenolic glycolipids, molecules structurally related to DIM. 328
There is now ample evidence that lipids can modulate membrane protein 329 function 39,40 . As seen for lipids such as diacylglycerol 41 , the conical shape of DIM may 330 modulate membrane protein activity. Accordingly, we find that DIM increase the non-331 opsonic phagocytosis of zymosan, a process well known to be mediated by a repertoire 332 of membrane receptors, including complement receptor 3 (CR3) 32 Modulating the activity of membrane proteins will ultimately modulate cellular 341 functions. Indeed, we showed that DIM promote Mtb infection (Fig. 5) . To confirm the 342 relevance of the conical shape, we showed that conical POPE lipids, but not cylindrical 343 POPC lipids, added to macrophages also restored the infection capacity of a DIM-344 deficient Mtb mutant and improved phagocytosis (Fig. 5) . Our results also shed new 345 light on previous observations showing that a DIM-deficient Mtb mutant coated with 346 tripalmitin lipid was less effective in infecting macrophages than DIM-coated mutants 8 . 347
This can now be understood by the fact that tripalmitin did not promote formation of a 348 non-bilayer phase transition in our model membranes (Fig. 5) , hence did not display a 349 strong conical shape. To our knowledge, our results demonstrate for the first time that 
Antibodies, lipids and reagents 507
The rabbit polyclonal antibody against mycobacteria was produced as previously 508 Tripalmitin was a generous gift from M. Tropis (Toulouse, France). The other reagents 518 were purchased from Sigma-Aldrich, except when specifically mentioned. 519 520
Bacterial strains and growth conditions 521
The strains used in this study included the wild-type (WT) M. tuberculosis strain, 522
H37Rv Pasteur (the sequenced strain from Institut Pasteur, Paris) and two distinct 523 The human promonocytic cell line THP-1 (ECACC 88081201; Salisbury, UK) was 568 cultured in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum 569 (FBS), 2 mM L-Glutamine, 1 mM sodium pyruvate, and 1% MEM non-essential amino 570 acids. For macrophage differentiation, the THP-1 cells were washed and suspended 571 in medium containing 10% FBS. The cells were distributed in a glass petri dish at a 572 density of 3 x 10 6 cells/petri dish and were differentiated into macrophages with 30 nM 573 phorbol 12-myristate 13-acetate (PMA) for 3 days. Before use, the cells were washed 574 twice with fresh medium. 575
Human blood purchased from the Etablissement Français du Sang in Toulouse 576 (France) was collected from fully anonymous non-tuberculous donors. Human 577 macrophages derived from monocytes (hMDMs) were prepared as previously 578 described 8 . Briefly, monocytes were isolated from peripheral blood mononuclear cells 579 (PBMC) by adhesion on a glass coverslip in 24-well tissue culture plates. Monocytes 580
(5 x 10 5 cells/well) were differentiated into hMDMs in RPMI 1640 (Gibco), 581 supplemented with 2 mM glutamine (Gibco) and 7% (v/v) heat-inactivated human AB 582 serum for 7 days. 583 584
Macrophage infection 585
Single cell suspensions were prepared with exponentially growing strains as previously 586 described 8 . Briefly, the bacteria were grown to mid-exponential growth phase on 587
Middlebrook 7H9 liquid medium supplemented with 10% ADC, and were then pelleted 588 by centrifugation and dispersed in serum-free RPMI 1640 medium using glass beads. 589
The number of bacteria per mL in the suspension was estimated by measurement of 590 the optical density at 600 nm. The bacteria were added to the macrophages at the 591 indicated multiplicity of infection (MOI) and incubated for 1-2 h at 37°C in an 592 atmosphere containing 5% CO 2 . Extracellular bacteria or particles were removed by 593 three successive washes with fresh medium. 594 595
Assay for monitoring DIM transfer to macrophage membranes 596
For experiments with purified DIM, THP-1 cells were incubated with RPMI 1640 597 medium supplemented with 70 µM DIM at 37 °C and 5% CO 2 . After 1 h, the cells were 598 rinsed with fresh medium and detached by incubation with a 0.05% trypsin-EDTA 599 solution (Gibco) for 15 min. The cells were then harvested, centrifuged at 150 x g for 600 10 min and the cell pellet was suspended in RPMI 1640 medium (A). 601
For experiments with DIM in the context of the M. tuberculosis cell envelope, THP-1 602 cells were incubated with H37Rv WT or H37Rv DLppX (MOI 15:1), washed with fresh 603 RPMI-1640 medium, and further incubated in the presence of serum at 37°C and 5% 604 CO 2 . After 40 h, the cells were rinsed with RPMI-1640 medium, detached 605 enzymatically with trypsin and centrifuged at 150 x g for 10 min. The membranes were 606 prepared using a protocol adapted from Rhoades et al. 33 . The pellet was suspended 607 in 1 mL ice-cold homogenization buffer (1 mM EDTA, 20 mM HEPES, pH 7) containing 608 250 mM sucrose and the cells were disrupted by 25 passages through a 26-gauge 609 needle. Following centrifugation at 3000 x g for 10 min at 4°C in order to sediment 610 nuclei and large cell debris, the supernatant was recovered. This step was repeated 611 twice. The supernatant was layered onto a linear gradient of 30% to 12% sucrose and 612
